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I.  TNTKODl’C'TION 


Rafliation  otn  ina'oing  from  reactions  of  metal  atoms  with  atmospheric  species  has 

Ijcen  a  topic  of  interest  for  a  number  of  years.  Such  reactions  can  best  be  studied  when 

the  metal  is  released  in  the  atomic  state  in  the  ai)senee  of  other  products  such  as  oxides 

or  smoke.  It  was,  therefore,  the  oljjective  of  this  effort  to  develop  a  (metal  vapor) 

release  technique  which  is  not  based  on  metal  o.xidation  in  the  solid  state  as  some  previous 

efforts  weix!  but  on  some  other  source  of  chemical  cnergj'. 

n.  THERM0CHKI\1ISTRY  OF  INTE RMETALLIC  RE.\CTlONS 

2 .  .‘1 

'I'he  Brewer-Enfini  Theory  which  was  successful  in  predicting  the  structure  and 
stal)ilit3'  ol  alloys  shows  that  reactions  between  metals  in  the  condensed  phase  can  be 
exothermic  by  as  much  as  bO  l  eal- mole.  More  recent  experimental  wo.k  by  Cocke  and 
tlingorich  has  shown  that  Celkl  can  be  formed  e.xothermically  with  the  release  of  7!S.  G 
k  cal. 'mole. 

Experimental  work  on  the  Pd-Al  system  suggests  that  the  reaction  Ixitween  these 
two  elements  is  c.xothermic  Ijy  40  kcal/mole.  Further  search  into  the  tlicrmocbemistiy  of 
intennet.dlic  reactions  suggests  the  possibilirt'  of  several  reacting  partners  as  being 
eaiJable  of  generating  high  temperatures  in  the  condensed  phase.  Table  I  shows  several 
such  combinations  which  can,  in  principle,  generate  adiabatic  temperatures  in  e.xcess  of 
the  Imiling  point  of  aluminum.  The  prediction,  therefore,  is  that,  if  aluminum  powder  was 
placed  in  the  Ti/B  system  or  in  excess  in  tiie  Pd/Al  system,  it  slioidd  be  possible  to  end  up 
with  practically  inirc  aluminum  vapor  since  cvci-jalung  else  will  remain  in  the  condensed  phase 
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TABLE  I 


INTERIMETALLIC  REACTIONS 


kcal 

coJ 

cal 

Adiabatic  Reaction 

Syslcni 

mole 

cmy 

Temp. 

XL\1 

-2S.  1 

-329 

-1.710 

1G39  (1) 

l\h\\ 

-42.7 

-327 

-2 , 890 

2500  (1) 

PL\1 

-48 

-21G 

-2,510 

2800  (1) 

TiB„ 

-71.  G 

-1,155 

-4,040 

3770  (1) 

ZrB.^ 

-78 

-GOO 

-3,330 

3400  (1) 

llf 

-78.  (i 

-304 

-3,4.50 

3380  (1) 

[IfC 

-52.  3 

-2G8 

-2,730 

4200  (.s) 

I 

/ 


1.  Pvcac-tion  ciui  be  casih'  initiated. 

2.  Once  initiated  tlic  reaetion  must  be  self-sustained  at  a  fast  rate, 

o.  Tile  realized  tenipei’atiires  must  lie  high  enough  to  ^'aporizc  aluminum, 
•1,  Produetion  of  liigh  aluminum  yields  at  a  reasonalile  eost. 

5,  Tlic  system  must  be  sealable  to  large  (multi-killogram)  quantities. 

The  reaetion  should  not  be  explosive. 
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a.  Pd/Al  System 

W'hen  a  small  portion  of  a  Pcl(70‘i)  -  A1  (30^,)  pyrofoil  is  lieatod  to  a  glowin'? 
tomporaLurc  the  niixtiu'e  reacts  violently  mid  exothermically  resulting  in  dcQagration  without 
llie  need  tor  oxygen.  The  reaction  being 

Pd(s)  +  Al(s)  excess - ^  Pdi\l(l)  +  Al(g) 

produces  liquid  PdAl(l)  and  gaseous  aluminum.  K.xperimental  substantiation  of  the  usefulness 
of  the  aliove  scheme  in  the  production  of  pure  aluminum  vapor  was  acliie\’ed  by  the  following 
observations: 

1,  The  70^’  Pd  30' I  A1  pyrofoil  wris  placed  in  a  crucible  and  heated  by  an 
induction  heater  in  vacuum.  W'lien  the  temperature  of  the  crucible  reached  (32f)^C  tlie  sample 
flashed  violently  with  the  production  of  a  molten  residue  and  metallic  coating  on  the  walls  of 
the  vessel. 


2.  Ilepeating  the  experiment  in  a  differentially  pumped  timc-of-fliglit  mass 
spectrometer  it  was  obser\-cd  that  mass  peal<  27  is  the  mail’  gaseous  product  of  the  reaction 
and,  in  fact,  when  care  was  exercised  in  keeping  the  sjunplc  and  the  container  clean,  mass 
pcali  27  is  the  only  signal  resulting  during  the  Hash.  Subsequent  measurements  related  to 
the  appearance  potential  of  mass  pealx  27  unequivocally  identified  aluminum  as  the  only 
major  gaseous  product  of  the  reaction.  Mass  spectra  of  instrument  background  and  Al- 


vapor  produced  during  the  flash  are  shown  in  l-dgrire  1. 
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3.  When  a  glass  slide  was  placed  between  tlie  sample  and  the  ion  source  of 
the  mass  spectrometer  A1  vapor  condensed  on  die  glass  and  produced  a  fine  mirror.  A 
t>7iica]  A1  coating  is  shown  in  Figure  2. 


4.  Tlie  vapor  generated  in  tlie  crucible  by  tliis  reaction  was  e.xmnined  with 
a  1.  5  meter  B&L  spectrograpli  as  showai  in  Figure  3.  At  10  ^  ton-  air  the  aluminum  i-esona.nee 
lines  (3944^  and  39()L\  )  sliow  up  quite  strong  while  no  palladium  lines  are  detected.  Figaii-e  4 
When  die  ox|3crLmct:t  was  ’-^peated  at  1  atm  air  in  addition  to  the  ah  minum  lines  the  AlO 
band  system  apper.ro  J.  Figiire  .9 


Conducting  thei-moehcmical  cidculations  on  the  Fd-.(Vl  system  using  a  heat 

of  reaction  of  40  keal/niole  (of  Pd  reacting  ),  heat  capacities  for  A1  and  Pd  as  given  liy  Stull 
5 

and  Sinlic  and  a  heat  of  \aporization  of  M  equal  to  77.  5  keal/molc  then  the  reaction: 

Pd  (s)  +  1.  1  /\l(s)  ■*>  AlPd(l)  +  0.  1  Al(g) 

can  be  written  in  a  balanced  foim  i.  e.  .  this  system  is  capable  of  bringing  its  temperaturr>  to 
2700°K  (I).  p.  of  AJ)  and  vaporizing  10V('  of  all  A1  present. 


I()N>  INTENSri'Y 


Figure  4.  DFNSITOMLTCR  TRACE  OF  (Tl  -  Pj  FLUME?,  10'^  TOKK  AIR 
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In  ail  effort  to  test  tliis  prediction  experimentally  several  sample  sizes  were  tested  for 
yield  in  an  attempt  to  scale  up  the  process  to  atmospheric  release  packages.  Hame  emission 
spectrometry  on  the  residue  and  target  eollcetion  techniiiues  on  the  I'csultiug  va|)or  were  used 
for  analysis  and  the  eonelusioii  to  date  is  that  tlie  yield  of  Al(g)  based  on  total  weight  is  7. 1  i 
.  DaUi  for  samples  ranging  in  size  from  0.  12  gm-1 11  gm  are  shown  in  Table  11. 


Since  the  111  gm  package  was  subsequently  used  in  an  atmospheric  release  cx])erimcnt 
it  w  ill  be  diseussod  further.  A  diagnuii  is  sliown  in  Figaire  (I,  'Hie  reaction  is  initiated  by 
supplying  electiical  power  (20V,  27  Amps)  to  the  braid  arrangement  shown  on  Figtire  ti 
part  B,  wlilcli  is  p  portion  of  part  A.  This  package  was  tested  prior  to  flight  in  a  S-ft.  long 
\ueuum  eluunber,  Figtire  7.  'llie  event  was  followed  with  a  "Faste.v"  IGmin  eiuncra  and 
three  frames  are  included  in  tliis  report  as  Figtire  S. 
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ALL-M INl^I  HKLEASE  FROM  TIIK  Pci  A1  SYSTEM 


/ 
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Fi';\ii'c  0.  roloil  Payload  (111  i;ms) 


Release  Packages 


( 


Frame  A  depicts  the  bcginniiif;’  of  the  reaction  showing-  that  the  payload  releases 


small  droplets  of  I’cL\l  (1)  from  both  ends.  Frame  B  corresponds  1o  200  msec  later  and 
.shows  that  at  tliis  point  tlie  reaction  lias  consumed  about  30^'  of  the  payload.  Frame  C  was 
taJvcn  at  the  end  (700  msec  from  tlic  start)  showin|4‘  tlie  wliolc  payload  converted  into  small 
dj’oplcts  eacli  of  w  Iiieh  is  aetinj;  as  a  source  of  aluminum  vapor, 
b.  Ti/n  System 

(Xir  search  for  otlier  encr;;'etic  systems  as  shown  in  Table  I  lias 
sug<>,'cstcd  tliat  based  on  tlicniioehemi.stiy  the  reaction  between  titanium  and  boron  does  indeed 
deserve  fuillier  consideration.  Foniiulations  weiu'  made  (witli  20''  aluminum)  as  previously 
described  and  tested. 

Items  of  interest  which  betauiie  immediately  apparent  arc  tliat  this  system 
too  can  be  initiated  simply,  is  self-sustaining' at  a  fast  rate,  mid  docs  indeed  produce  alumiiiuni 
vapor  at  a  low  eo.st.  Heating  locally  a  ven'  snudl  fraction  of  the  nii.xture  to  (!rj0*^C  starts  the 
reaction  luid  as  I'lgiire  0  shows  the  main  gaseous  product,  as  recorded  liy  mass  spectrometry, 
is  A1  (g). 


A  post  nioilem  e.xamination  of  the  event  is  sliown  in  Figure  10.  l-'ii'ing 
sample  "a"  produces  a  metallic  coating  "b"  on  the  walls  of  tlie  vacuum  system  and  a  finely 
diindcd  residue  "c".  X-ray  diffraction  studies  of  the  stalling  material  "a"  (Figure  11) 
shows  the  presence  of  all  tlirce  elements  (Ti,  Al,  B).  Figure  12  is  tlie  diffraction  pattern 
of  the  film  (Product  "b")  which  coats  the  walls  of  the  \  esscl  and  appears  to  be  essciitiidly 
aluminum.  The  diffraction  pattern  of  the  residue  product  "e"  Figure  13  matches  that  of  'I’iB., 
with  no  indication  of  free  IT  present.  Thus  suggesting  that  the  reaction  went  to  near  eoni- 


pletion. 


A.  BACKGROUND 


I\l/o 


Figure  9.  The  Mass  Spcctnnii  of  A1  (g)  ii-oiii  'I'i-B  Intermetallic 

I’euc'tion. 


FIGURE  11.  X-RAV  DIFFRrVCTIOX  STARTING  :\1ATERL\L  ' 
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FIGURE  13.  X-RAY  DIFFRVCTION  FINAL-PRODUCl 
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Yield  measurements  based  on  total  weight  ai'c  shown  in  I'able  m.  The  rarige  for 
recovered  aluminum  is  4.  S  -  ll'(.  Jai  addition  to  aluminum  it  appears  that  titanium  is  also 
generated  in  the  v  apor;  its  quantity  is  about  a  factor  of  ten  less  than  aluminum. 

Tests  in  the  five-foot  tanl<  showed  that  the  reaction  can  be  initiated  with  a  20V,  27  A 
power  supply  (aetoial  power  I'equirement  is  pi'obaJaly  much  less)  and  pi’ogrcsses  at  a  fast  rate, 
i.  e.  ,  100  gm  simiple  lasts  less  than  1  second.  Hgui-e  14  shows  two  frames  of  the  event: 

Fnune  A  repi’esents  the  beginning  of  the  reaction,  fi’ame  B  is  taken  100  m  sec  later.  Li 
observing  the  totiil  event  on  film  it  is  apparent  that  tlie  reaction  starts  at  tlie  point  of  contact 
with  the  hot  wire  and  propagates  inwai’d  thus  pmdueing  liot  particles  of  TiB,^  which  individually 


act  as  sources  of  alumiiuun  vapor. 


AI.U.MIXmi  RELEASE  FHCrM  THE  Ti  SYSTEM 


ATRIOSPlIEiaC  iu:le.\se  of  aloiinum 


R'. 

A.  Experiment 

Two  payloads  eonsistingof  111  gm  Pd/Al  (each)  identieal  to  that  pvexiously 
deseribed  were  hot  wire  ignited  at  145  Km  and  125  lun  on  the  down  log  of  an  AFCHL 
experimental  rosea voh  rookot. 

The  experiment  was  perfonned  at  Eglin,  Fla.  on  October  19,  1975,  at  1812 
LT  (twiligdit).  A  poriion  of  tlie  generated  aluminum  vapor  was  allowed  to  \  ent  into  the 
atmosplicrc  throuj^i  a  4.  <  em  orifice  on  the  skin  of  the  rocket,  ilceause  of  tlie  gcometiy 
invol\’fc'l,  it's  c.xpeetcd  that  somcwliere  between  10-20*(  of  the  availal)le  x'apor  was  released 
into  the  atmosphere.  Tliis  in  eomliination  with  the  >icld  obtained  from  the  latoratoiy 
lucasurcments ,  it  is  estimated  that  0.4  gm  -  0.  8  gm  were  released  at  each  of  the  two  altitudes. 

B.  Results 

The  releases  were  illuminated  by  sunlight  and  were  obsciaed  b\-  a  emnera 
at  170  Km  skuit  nuige,  F  =  70  mm,  f/O.  87,  35  mm  KodaJi  2475  iilm,  10  sec  c.xposure. 

The  ol)ser\'ations  definitely  established  that  the  GE-payloads  produced  observal)le 
and  photographaljle  cloudlets  as  shown  in  Figau-e  15.  Some  of  tlie  data  are: 

a)  Each  cloud  formed  within  1-3  seconds  after  respeeti\’c  programmed  release  times. 

b)  ITic  lower  cloud  (125  km)  was  \asually  brighter  than  the  upper  one. 

e)  Tlie  lower  cloud  grew  to  a  diameter  of  approximately  1  km  witliin  ten  seconds 

and  to  1.  0  Ion  at  85  seconds.  This  suggests  a  diffusion  coeffieieni  of 
7  2-1 

/^5  x  10  cm  sec  which  is  in  the  right  range  for  an  altitude  of  125  km. 

Hiis  cloud  in  tum  dissappeared  below  film  threshold  at  200  seconds  after  release. 

d)  The  radiation  consisted  of  AlO  bands  from 


photolumineseenee. 


5] 


L')  'riici'L'  \vas  no  evidence  of  All  resoinuice  emission  at  394'^L^, 

In  et)nelusion,  since  the  lover  cloudlet  was  brij^hter  tlum  the  upper  and  three 
Ijody  collisit)ns  (involvini;-  A1  i-  O  -  M)  arc  unlikely  at  these  altitudes  it  is  sug^^csted  that 
AlO  was  formed  througli  tlie  reaction. 

A1  AlO  ■*  O 

7 

'File  rate  constant  for  tliis  reaction  was  measured  in  the  laboratory  by  Fontijn  and  is 

— 11  |j  “1  "1 

radio r  liigh  (1<  3x10  cm*'’ mol  e  sec  ).  The  alisence  of  All  resonance  lines  is 

somewhat  puzzling  in  view  of  the  fact  tliat  the  release  event  invohes  hot  atomic  aluminum 
whicli  ciui  radiate  thermally  as  well  rai  tlirougli  sunlight  e.xcitation.  Without  additional 
information  on  tlie  relatiie  sensitiuty  of  tlie  instruments  involved  no  conclusion  can  be 
readied.  It  is  hoped  that  future  releases  involving  large*!- quantities  will  allow  more 
det:uled  oliscrvations  and  more  complete  analyses. 
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